Abstract. The paper presents an adaptive over-relaxation method for calculating the electric potential and field intensity, for a complex tunnel transistor structure involving a split gate and a shielding boundary. The accuracy and speed of the method has been numerically tested and found satisfactory for the study of such devices by calculating the tunneling currents for the obtained potential distribution.
Introduction
This highly promising tunnel transistor structures have been intensely investigated in the last decade, for the future industrial application. Among the large variety of proposed models there are some with simple barrier [1] , and others that include one or more quantum wells [2] . The first type is based on the modulation of the Fowler-Nordheim tunneling current by the electric field intensity created by an auxiliary electrode. The second type is based on the resonance effects between the quantum wells, as a significant tunneling current appears only if some quantum states equivalence is satisfied. An auxiliary electrode controls the resonance conditions, starting or stopping the tunneling current, so that the structure is easy to be used as a commutation device. Concerning the geometry, there are also several types of tunnel transistors. Thus, the most promising seems to be the vertical transistor where the electrodes are superposed, which allows a very good control of the thickness of the barrier layer and hence a good reproducibility for large scale integration [1] , [3] , [4] [7] , [8] . Also, lateral structures have been proposed, based on a Columbian barrier generated by a lateral p-n junction, which is easier to control by the gate electrode [5] , [6] . There are also some mixed structures [2] where both vertical and horizontal geometries are used, and also some special devices as the magnetic tunnel transistor and the single electron transistor (SET) used as structures in scientific research [9] .
The calculus of the tunneling currents in the tunnel transistors structures implies the previous calculation of the electric potentials or electric field intensity in all the points of the active domain, for various potentials applied on the electrodes. These values will be used as an ansatz for the quantum mechanics calculations of the tunneling currents using either Schrödinger or Nordheim-Fowler type equations, and hence the static characteristics of the tunnel transistor for a given geometry and for certain materials of the structure.
The potentials in a lateral tunnel transistor type structure obeys the bi-dimensional Laplace equation:
with the boundary conditions (Dirichlet type) :
where ∂ i D is one of the n boundaries of the metallic electrodes or of the whole domain. For simple systems with a certain symmetry it may be possible to analytically solve such an equation, but any change in the geometry would impose a new analytical calculation. For practical purpose, the mathematical modeling has to be numerically solved so that the some computer software should be used for a big number of models. In most of the cases, a rectangular bi-dimensional domain may be considered and a grid of equidistant points (nodes) chosen. If the axes origin is a corner of the rectangular domain and if there are N points in each direction, with the steps:
we may find the values of the potentials in the nodes:
The finite difference approximation of the eq. (1.1) leads to:
If x max = y max (square domain) we have h x = h y and the potential in a node is the mean of the potentials of its neighbors.
The errors are of the order O(h 2 ) so that an 100 × 100 points grid is adequate for most practical purposes. However, the equations system for such a grid has 10 4 equations and unknowns, which implies increased errors due their propagation and the often bad conditioning. That is why in many cases the direct solving of such a system is not the best choice, and the iterative methods are preferred.
Thus, a Jacobi iteration [10] will compute at the step k + 1 the potential value from the neighborhood potentials calculated at step k :
A better convergence is achieved if we include in the k + 1 step the previously calculated values of the same step, according to the Gauss-Siedel algorithm [10] :
The convergence may be further increased using an over-relaxation method, with a relaxation factor β ∈ (1, 2) that may be experimentally determined:
This procedure may be much faster than Gauss-Siedel (which is equivalent with the β = 1 case) if a proper value of β is chosen so that, taking into account the speed of modern computers, it is suitable for tunneling transistors structures.
The electric potential distribution in the lateral tunneling transistor with four metallic electrodes
We propose a tunneling transistor structure with coplanar source, drain and gate as in figure 1 . For a better control efficiency of the gate, it is split and symmetrically related to the source-drain region. The two halves are interconnected in a different plane at considerable distance from the main plane, to avoid tunneling, as in figure 2 . This geometry imposes the Dirichlet conditions for the partial derivative equation. We denote the following boundaries:
∂S -the source electrode domain and its boundary; ∂D -the drain electrode domain and its boundary; ∂G -the gain electrode domain and its boundary; ∂Sh -the shield electrode domain and its boundary; Taking into account this geometry, we impose:
If we choose the axes origin in the left lower corner of the domain, the condition 2.4 becomes:
V (x i , 0) = 0 , i = 1, 2, ..., N V (0, y j ) = 0 , j = 1, 2, ..., N V (x i , N) = 0 , i = 1, 2, ..., N V (N, y j ) = 0 , j = 1, 2, ..., N Considering that the errors are indicated by the values variances from an iteration to another, we have to include in the algorithm the quantity:
The point {x m , y m } will characterize the errors evolution for the whole domain, as a "mean" value for the potentials variations. In practice we closed the midpoint of the domain and we supposed that the errors in all the other points are quite similar. A choice of a single point for this purpose is necessary for making a single evaluation at an iteration as a criterium for stopping the iterative process.
A more precise choice for the point where the error is evaluated should be one with a maximum absolute value, near one of the electrodes. Anyway, the errors may be kept much lower than the technological dispersion, as our experiments proved.
For accelerating the iterative process, we elaborated an adaptive algorithm, varying the relaxation factor β in accordance with the variance of ε k , taking a medium start value β 0 = 1.5 .
The typical values of the relaxation factor β achieved for various geometries and electrodes potential is between 1.7 and 1.9. For a grid with N = 100, the number of iterations for a 10 −4 precision goal is between 200 and 500 and the calculation time around some minutes.
The electric field intensity in the lateral tunneling transistor with four metallic electrodes
If the tunneling current calculus is based on the Schrdinger equation (the ab-initio method), only the potential distribution in the structure is needed. However, if the more efficient Nordheim-Fowler equations are directly used, they need the values of the electric field intensity. It may be calculated from the partial derivatives of the potential:
Numerically, the mid-point formula of the derivative may be used, as it provides a good enough precision:
For a better precision we experimented two supplementary methods that we shall describe . The first possibility is to use a classical polynomial interpolation (LagrangeNeville for example):
Expanding these expressions in the form:
the derivatives may be precisely calculated :
We obtain the electric field intensity components as
Although the procedure seems very precise due to the analytical derivation, our tests revealed that it may be used only for low values of N . The problem is generated by the equidistant points grid, which reveals the Runge phenomenon for high N values. A second solution that was tested was the choose of the interpolation points according to the Chebyshev (or even Gauss-Lobatto) conditions.
This eliminates the Runge phenomenon but the complications of the algorithm were not sustained by a significant increase of the precision compared to the mid-point derivative.
Conclusions
We exemplify the described procedures using a 200x200 grid and the following potentials:
We choose a relaxation factor β = 1.9 and the error reference point at 100,100 imposing a 0.01 % precision goal. The potential calculated in this point after 330 iterations was -1.42714V and the previous iteration value was -1.42713V. The calculation time on a 3GHz computer in a Mathematica 7.0 environment was about 310 seconds. Of course, using a C++ environment, the speed would be up to ten times higher. 
